• Despite the relevance of seed filling mechanisms for crop yield, we still have only a 20 rudimentary understanding of the pathways and transport processes for supplying the 21 caryopsis with sugars. We hypothesized that the recently identified SWEET sucrose 22 transporters may play important roles in nutrient import pathways in the rice caryopsis. 23
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Introduction 51
Population growth is expected to lead to an increasing need for rice production, especially 52 in Africa (Sharma, 2014) . A key question is thus how we can obtain maximal yield poten-53 tial. Rice grains are composed mainly of starch (over 90% in many cases; 54 www.knowledgebank.irri.org/ricebreedingcourse/Grain_quality.htm), which derives from 55 imported soluble carbohydrates. These carbohydrates are produced in the leaves with 56 the help of photosynthesis and are exported mainly as sucrose via the phloem, which 57 contains ~600 mM sucrose (Fukumorita & Chino, 1982) . In order to fill the seeds, and 58 more specifically to generate starch, cell walls and provide energy, sucrose has to be 59 imported into developing caryopses. Phloem strands enter the seed coat, where sucrose 60 is unloaded and transferred into the developing caryopsis to supply cells with nutrients, 61 in particular sugars as sources of energy and as carbon skeletons for cell wall and starch 62 biosynthesis. 63
In plants, cell-to-cell transport of sugars is thought to be mediated by apoplasmic (export 64 from one cell by a plasma membrane transporter and subsequent import into the adjacent 65 cell by another transport protein) or by symplasmic transfer via plasmodesmata. Other 66 routes are conceivable, but evidence for vesicular transport processes are sparse (van 67 den Broek et al., 1997) . Two of the key processes for long distance translocation are 68 phloem loading and seed filling. The transport processes that ultimately lead to cell wall 69 synthesis and storage product accumulation in seeds, in particular in cereal caryopses 70 are not fully understood. To delineate sym-and apoplasmic pathways in rice caryopses, 71
Oparka carried out a combination of ultrastructural and dye tracer studies in the early 80s 72 (Oparka & Gates, 1981a ,b, 1982 , 1984 . The rice caryopsis is supplied by three vascular 73 bundles that pass through the pericarp. The dorsal vascular bundle is the major route for 74 sugar delivery to the developing caryopsis (Oparka & Gates, 1981a; Krishnan & Daya-75 nandan, 2003). He found symplasmic connections between the parenchyma of the dorsal 76 vascular bundle and the nucellar projection as well as a lipid barrier between the inner 77 integument and the nucellar epidermis that blocks the apoplasmic route, therefore requir-78 ing transporters for uptake and release at this site for a transcellular pathway. From these 79 comprehensive analyses that included radiotracer analyses using 14 CO 2 , he proposed 80 that after sucrose had been unloaded from the phloem, it diffuses along the nucellar epi-81 dermis from where an unknown set of sugar transporters transfers the sugar into the de-82 veloping endosperm. Since sucrose, upon arrival in the caryopsis through the phloem of 83 the dorsal vascular bundle, is partially hydrolyzed by cell wall invertases (cwINVs; in par-84 ticular OsGIF1/OsCIN2) into glucose and fructose, one would predict the presence of 85 both sucrose and hexose transport pathways (Wang et al., 2008) . At present, two classes 86 of plasma membrane sucrose transporters (SUTs and clade 3 SWEETs) and three clas-87 ses of plasma membrane hexose transporters (MSTs (STPs), ERDs and clade 1 and 2 88
SWEETs (Chen et al., 2015a) are known. SWEETs are a class of seven transmembrane 89 hexose and sucrose uniporters that function as oligomers (Xuan et al., 2013) . Their roles 90
in Arabidopsis include nectar secretion, seed filling, and they have been shown to act as 91 susceptibility factors for pathogen infections. It has been proposed that AtSWEET13 func-92 tions as a 'revolving door' mechanism to accelerate the transport efficacy (Feng & From-93 mer, 2015; Latorraca et al., 2017; Han et al., 2017) . 94
In legume seeds, during early developmental stages, cwINVs produce hexoses from the 95 incoming sucrose. These hexoses are thought to stimulate mitotic activity to increase cell 96 number, while subsequently at later stages the cwINVs are switched off and sucrose 97 transporters are induced. Sucrose is thought to then act as a differentiation signal that 98 triggers storage product accumulation (Weber et al., 2005) . Specialized sucrose facilita-99 tors (SUFs, members of the SUT family), PsSUF1, PsSUF4 and PvSUF1 are appeared 100 sucrose efflux in seed coats of pea and common bean (Zhou et al., 2007) . In monocots, 101 specifically in maize and rice, cwINVs also play important roles in seed filling (Cheng & 102 Chourey, 1999; Wang et al., 2008) . Several hexose transporters that are likely involved 103 in import of the cwINV-derived hexoses into the caryopsis or endosperm have been iden-104 tified. Rice MST4 is expressed during grain developmental stages in maternal tissues 105
including the dorsal vascular bundle, nucellus including nucellar projection and nucellar 106 epidermis, and aleurone layer of the filial endosperm (Wang et al., 2007) . ZmSWEET4c 107 in maize is expressed in the BETL and necessary for seed filling and BETL differentiation. 108 speculate one or several orthologs in rice may play analogous roles in supplying sucrose 115 to either the rice SUTs or cwINVs. 116
Here, we show that similar as in legumes, the hexose transporter OsSWEET4 is predom-117 inantly expressed during early stages of caryopsis development, while OsSWEET11 and 118 15 mRNAs accumulated at higher levels during later developmental stages. Expression 119 was found in the ovular vascular trace, nuclear epidermis and endosperm. We also 120 demonstrate that ossweet11 single mutant and ossweet11;15 double mutants show re-121 tarded endosperm development and defected endosperm filling. Another work performed 122 others in parallel also identified OsSWEET11 as key to seed filling in rice (Ma et al., 2017) . 123
The phenotype of the ossweet11;15 double mutants was more severe in having an empty 124 seed phenotype, while the pericarp of osweet11 and osweet11;15 mutants accumulated 125 more starch. These results indicate that OsSWEET11 and OsSWEET15 are necessary 126 for sugar efflux from the maternal nuclear epidermis as well as efflux from the ovular 127 vascular trace to the apoplasm and may also contribute to sucrose influx into the aleu-128 rone. 129 TCACCAGTAGCAATGGCAGG-3') of OsSWEET11 was used with Cas9 for transfor-136 mation (see Fig. 2S ). While method for TALEN-induced mutant lines (ossweet11-2, 137 ossweet15-1 and ossweet15-2) was also described (Li et al., 2014). One pair of TALENs 138
for OsSWEET11 and another pair of TALENs for OsSWEET15 were designed and engi-139 neered for rice transformation. For detailed sequence and location of TALEN targets, see 140 
Genotyping of rice plants 145
Rice genomic DNA was extracted using CTAB method. PCR was performed using ExTaq 146 DNA polymerase (Clontech, Mountain View, CA, USA) with a melting temperature of 56°C 147 and 53°C for OsSWEET11 and OsSWEET15, respectively (for primers, see Supplemen-148
tary Table 1 ). The PCR-amplicons from the mutant alleles has been sequenced. Chro-149 matograms were read and aligned using BioEdit. 150
RNA isolation and transcript analyses 151
Total RNA was isolated using the SpectrumTM Plant total RNA kit (Sigma, St. Louis, MO, 152 USA) or the Trizol method (Invitrogen, Carlsbad, CA, USA) and first strand cDNA was 153 synthesized using Quantitect reverse transcription Kit (Qiagen, Hilden, Germany). qRT-154 PCR to determine expression level was performed using the LightCycler 480 system 155 (Roche, Penzberg, Germany), with the 2 −ΔCt method for relative quantification. Specific 156 primers for OsSWEET11 and OsSWEET15 were used and OsUBI1 was served as inter-157 nal control gene (see Supplementary Table 1) . 158
The 2,334 bp GUSplus coding sequence with nopaline synthase terminator were ampli-160 fied by PCR from pC1305.1 (Cambia, Canberra and Brisbane, Australia). The amplified 161 fragment was subcloned into the pJET2.1/blunt vector (Thermo Fisher, Waltham, MA, 162 
Plastic embedding and sectioning 200
Wild-type, ossweet11-1 and ossweet11-1;15-1 seeds were fixed using 4% PFA [1X PBS 201 buffer (37 mM NaCl, 10 mM Na 2 HPO 4 , 2.7 mM KCl, 1.8mM KH 2 PO 4 and a pH of 7.4) with 202
4% paraformaldehyde], vacuum infiltrated for 15 min and incubated overnight. Dehydra-203 tion of samples were performed in ethanol with a series of concentration (10%, 30%, 50%, 204 75% and 95%). Plastic embedding was performed accordingly to the LR White embed-205 ding kit protocol (Electron Microscopy Science). Cross-sections (1 µm) were performed 206 using Ultracut (Reichert-Jung, Wetzlar, Germany), stained with 0.1% Safranin O for 30 207 second and washed twice with distilled water, followed by 3 min starch staining for 3 min 208 with Lugol's staining solution. Specimens were observed with Nikon eclipse e600 micro-209 scope. 210
FRET sucrose sensor analysis in HEK293T cells 211
The OsSWEET11 and OsSWEET15 coding sequences were cloned into the Gateway 212 entry vector pDONR221f1, and then cloned into vector pcDNA3.2V5 by LR recombination 213 reaction for expression in HEK293T cells. HEK293T cells were co-transfected with a plas-214 mid carrying the OsSWEET11 or OsSWEET15 and the sucrose sensor FLIPsuc90μ-215 sCsA, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). For FRET imaging, 216
HBSS medium was used to perfuse HEK293T/ FLIPsuc90μ-sCsA cells pulsed with 20 217
Results 220
Identification of OsSWEET11 and OsSWEET15 in rice caryopses 221
To identify SWEETs that are expressed specifically in rice caryopses, we analyzed public 222 microarray data from RiceXPro (ricexpro.dna.affrc.go.jp). We focused on members of 223 clade 3 since they had been shown to function as plasma membrane sucrose transport-224 ers. Among the five clade 3 SWEETs analyzed, OsSWEET11 and 15 had the highest 225 mRNA levels in the endosperm between 7 and 14 DAP (Fig. S1 ). To validate the micro-226 array data, we harvested immature seeds at different developmental stages from green-227 house-grown plants and re-analyzed mRNA levels of OsSWEET11 and 15 by qRT-PCR. 228
For comparison, we analyzed OsSWEET4, which had been shown to play an important 229 role as a hexose transporter in seed development (Sosso et al., 2015)( Fig. 1) . At 1 DAP, 230 SWEET4 had the highest mRNA levels, but already at 3 DAP, levels had declined about 231 ~3-fold. In comparison, OsSWEET11 was low at DAP1, but equal to OsSWEET4 at 3 232 DAP. OsSWEET11 gradually increased throughout seed development. While in the mi-233
croarrays OsSWEET15 was only 2-3x lower compared to OsSWEET11, our qRT-PCR 234 analysis indicated a much lower relative level however the developmental pattern of 235
OsSWEET15 mRNA levels was similar to that of OsSWEET11. 236
OsSWEET11 plays a key role in seed filling 237
OsSWEET11 had previously been shown to function as a plasma membrane sucrose 238 transporter (Chen et al., 2012). Since OsSWEET11 was by far the most highly expressed 239 SWEET gene, we hypothesized that knock-out mutants might be affected in seed filling. 240
Two independent ossweet11 mutants, one carrying a single nucleotide deletion leading 241 to a frameshift was created by CRISPR-Cas9 and a second TALEN-derived mutant car-242 rying a 489 bp deletion were characterized phenotypically ( Fig. S2 ). In the greenhouse, 243 both mutants had incompletely filled seeds at maturity ( Fig. 2a ). Depending on the growth 244 conditions, the phenotype was more or less severe (see for example Fig. 2 and Fig. S3 ). 245
The effects became more severe in paddy field conditions (single field experiment in 246 2016; see also parallel study (Ma et al., 2017) . Moreover, panicle development of 247 ossweet11 mutants only much later (>60 DAP). As a result, mutants had a significantly 250 reduced yield (both percentage of mature seeds after harvest and 1000-grain weight; 251 Fig. S3a,b) . Of note however, plant height, spikelet number and panicle length were sim-252 ilar as in wild-type also in paddy field conditions (Figs. 2c, S3c,d) . 253
OsSWEET11 accumulation in nucellar projection, nucellar epidermis and aleurone 254
Oparka had predicted symplasmic diffusion of sugar in the pericarp and apoplasmic 255 transport at the nucellar epidermis-aleurone interface all around the endosperm, which 256 contrasts the sucrose import patterns found in developing barely seeds, where the main 257 Potential compensation for ossweet11 deficiency by other SWEETs 276 ence of alternative genes and pathways, or could be due to compensation. Analysis of 278 the expression levels of clade 3 SWEET genes in the ossweet11 mutant showed that 279
OsSWEET13 mRNA levels were slightly increased, however the absolute levels were 280 extremely low. The mRNA levels of OsSWEET15 were about twofold higher in ossweet11 281 seeds compared to wild-type ( Fig. 4) . Since depending on the experiment, OsSWEET15 282 was expressed at only slightly lower levels compared to OsSWEET11 and was further-283 more candidate that may contribute to compensation in the mutant, we first tested 284 whether it functions as a sucrose transporter, determined its expression pattern in devel-285 oping caryopses and then analyzed knock-out mutants. As one may have predicted, 286
OsSWEET15 also functioned as a sucrose transporter when co-expressed with a sucrose 287 sensor in HEK293T cells (Fig. S5 ). Translational GUS fusions of the OsSWEET15 gene 288 driven by their native promoter showed similar tissue specificity as compared to 289
OsSWEET11 (13 independent lines): i.e. GUS activity was detected at early stages in the 290 nucellus proper, and later in the ovular vascular trace, the nucellar projection and the 291 aleurone ( Fig. 3d,e ). At 9 DAP, OsSWEET15 GUS activity was also detected in nucellar 292 epidermis (Fig. 3f ). The two SWEET transporters exhibit similar expression pattern in the 293 developing seeds, especially ovular vascular and interface between the nucellar epider-294 mis and the aleurone layer, assuming redundant roles during seed development. How-295 ever, on their own, two independent ossweet15 knock-out mutants generated via 296 CRISPR-Cas9 (frameshift mutations that prevent production of a functional OsSWEET15 297 protein, Fig. S2 ) did not show any detectable phenotypic differences compared to wild-298 type in 4 independent experiments (Fig. 2b) . 299
OsSWEET11 and 15 are essentially for seed filling 300
Since the seed filling of ossweet11 mutants was only partially affected relative to 301 ossweet4 mutants (Sosso et al., 2015) , and OsSWEET15 appeared to be expressed in 302 the same cell types to substantial levels, and even possibly compensates in part for 303
OsSWEET11 deficiency in the mutant, we generated ossweet11;15 double mutants for 304 both alleles of the two loci. In greenhouse conditions both at ISU and Stanford, the double 305 mutant phenotype was very severe, much more than the single ossweet11 mutant (Fig.  306 5). The differences were even more severe in the ISU greenhouses, where ossweet11 307 verely affected (Fig. S6) . A detailed time series showed that phenotypic differences be-309 came apparent at ~5 DAP (Fig. 5a ). Differences became much stronger at 7 DAP, a time 310 point at which ossweet11 mutants already started to develop a wrinkled grain morphol-311 ogy, while ossweet11;15 was characterized by grains that were flattened with a smaller 312 diameter (Fig. 5a,b) . Sections through the grain showed that the mutants were endo-313 sperm-deficient and either had only remnants of the endosperm or lost the endosperm 314 completely (Fig. 5c ). Cytohistological analyses of resin-embedded sections showed that 315 cellularization of the endosperm started at ~3 DAP in both wild-type and ossweet11, while 316 cellularization was not observed in ossweet11;15 mutant (Fig. S7) . The cellularization of 317 the endosperm was completed and nucellus were degenerated in the wild-type from 5 to 318 7 DAP (Fig. S7a ). In the ossweet11 mutant, endosperm was not fully cellularized and 319 degradation of nucellus were delayed (Fig. S7b ). In the ossweet11;15 mutant, endosperm 320 cells defected cellularization and nucellus remained until 7 DAP (Fig. S7c) . 321
Starch accumulation in the pericarp of ossweet11;15 double mutants 322
Based on the localization of OsSWEET11 and 15, we predicted that inhibition of the trans-323 porters would lead to starch accumulation in cells that export sucrose and cells outside 324 the endosperm. In wild-type, starch is stored transiently in the pericarp until 7 -9 DAP. 325
Rapid starch degradation in the pericarp correlated with starch accumulation in the endo-326 sperm starting ∼7 DAP (Wu et al., 2016) . We found starch in the endosperm, but only 327 residual amounts in the pericarp of wild-type caryopses (Fig. 6a,d) . By contrast, starch 328 accumulated to high levels in the pericarp of the ossweet11 mutant ( Fig. 6b,e ). In 329 ossweet11;15 double mutants, starch accumulated to even higher levels in the pericarp, 330 while the endosperm did not show substantial starch levels (Fig. 6c,f) . The accumulation 331 of starch in the pericarp of ossweet11 and ossweet11;15 double mutants supports the 332 critical roles of OsSWEET11 and OsSWEET15 in sugar translocation and mobilization 333 towards the developing endosperm. 334 expression, translational reporters to map tissue-specific protein accumulation, nuclease-337 induced knock out mutants: (i) OsSWEET11 and 15 are the most highly expressed su-338 crose transporting clade 3 SWEETs in the rice caryopsis, (ii) if we assume that they mark 339 apoplasmic import routes, sucrose can enter both directly below the vein via the nucellar 340 projection as well as the circumferential nucellar epidermis; (iii) they may not only play 341 roles in cellular efflux at these two sites, but also be responsible for importing sucrose 342 into the aleurone cells; (iv) OsSWEET11 and 15 are both contribute to seed filling with 343 redundant roles, but since the single ossweet15 mutant alone has no apparent phenotypic 344 differences to wild-type, OsSWEET11 appears to function as the dominant transporter, ovular vascular bundle to endosperm (Fig. 7) . There appear to be four locations that re-359 quire sucrose transporters: 1. Parenchymatic cells in the vascular bundle: a localiza-360 tion that may be expected based on the OsCIN2 localization which requires efflux of su-361 crose (and subsequent import of hexoses for providing sucrose as a substrate (Wang et 362 al., 2008) . Of note, the oscin2/gif1 cwINV mutant has a clearly distinct phenotypes with 363 markedly more grain chalkiness and is thus not similar to ossweet11 (Wang et al., 2008) . 364 rone: an unexpected location which requires sucrose influx via plasma membrane trans-368 porters. The same localization of OsSWEET11 was also observed in a parallel study (Ma 369 et al., 2017) . The authors found this unexpected, since it was a location that requires 370 influx and is not expected to efflux sucrose. However, SWEETs appear to function as 371 uniporters, thus the sucrose gradient simply determines the direction of flux. We had pre-372 viously found that SWEET4 in maize and rice were likely key to the import of cwINV-373 crose transport is not in line with radiotracer import studies, which indicated that in rice, 385 the import of sugars occurs exclusively via the nucellar epidermis-aleurone pathway 386 (Oparka & Gates, 1981b). However, others have suggested that the nucellar projection 387 may help to transporting sugars to the developing endosperm also in rice (Krishnan & 388 Dayanandan, 2003) . Importantly, the nucellar projection pathway appears to be the main 389 pathway for sugar import in barely caryopses as shown by magnetic resonance imaging 390 (MRI) (Melkus et al., 2011) . Of note, we are aware that by contrast to Oparka's radiotracer 391 studies, we do not measure actual translocation of assimilates, but rather the presence 392 of a protein, and we do not know whether the two SWEETs are active at the plasma 393 membrane of these cells. Nevertheless we suggest that it may be useful to reassess 394 sugar entry pathways, for example by MRI at different stages and in different varieties. 395
3), while the japonica variety Kitaake was used for all experiments shown here; Nippon-397 bare was used by the parallel study that localized a transcriptional GUS fusion of the 398 OsSWEET11 promoter to the same cells as the translational fusions in our work (Ma et 399 al., 2017) . Alternatively, these pathways may be used at different stages of development. 400
Notably, the three Arabidopsis transporters SWEET11, 12 and 15 which play critical roles 401 for sucrose efflux from the seed coat also showed very complex changes in cellular ex-402 pression during seed development (Chen et al., 2015b) . 403
Starch in the pericarp as a transient buffer 404
In rice caryopsis development, large amount of starch grains accumulated in pericarp at 405 6 DAP, followed by those starch grains degraded from 7 to 9 DAP (Wu et al., 2016) . This ble knock out mutants that OsSWEET15 can compensate for OsSWEET11 deficiency. 418
Developmental control of seed filling 419
Rice caryopsis occurred dynamical changes in cell expansion, cell wall thickening, and 420 starch grain accumulation (Wu et al., 2016) . Expression levels of OsSWEET11 and 421
OsSWEET15 are gradually increased during caryopsis development. In contrast 422
OsSWEET4, which is expressed mainly at the base of the caryopsis, and mutation strong 423 seed filling defect, however timing very different, very high early and then declining ( tion and the nucellar epidermis through symplasmic pathway via plasmadesmata (a). 623 We surmise that OsSWEET11 and OsSWEET15 mediates sucrose export from xylem 624 parenchyma cells into the apoplasmic space (b). In addition, OsSWEET11 and 625
OsSWEEET15 may be involved in sucrose export out of cells at the nucellar projection 626 and the nucellar epidermis to apoplasm. followed by import into the aleurone in endo-627 sperm (c). Transfer across the nucellar epidermis/aleurone would require a sucrose gra-628 dient across both cell types. al, aleurone; ne, nucella epidermis; np, nucellar projection; 629 pa, parenchyma. 630
